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HATEBIALS.FdR S1ACK DIAPHRAGMS

By Traute Puschmann

So~called slack diephragms made of rubber, leather,
etc. - more recently also of synthetic materials -~ are
frequently employed in measuring ingtruments and for
purposes of regulation and control. . Up to now, -no sys-
tematic experiments have veen carrlied out on the sulta-
billty of such materials for work of this kird, so that
in many caseg it is very difficult to choose the proper.
material for a particular purposé. The autlhor first irn-
vestizates the conditiors under wialch such slack dia-
prragms are employed and then descrlibves a number of in-
struments most conmonly used for tke testlinf of the nma-
terials.

SUMIIARY

The present report deals with svstematic expnerimerts
carried out on five diephragm naterials with different
"pretreatnent, for the purposge of egcertaiairg the sulta-
bility of such materinls for slack diarhragns. The rela-
tionship of deflectior and load, temperature and moisture,
wasg recorded. Of the explored materials: synthetic leath-
er, balloon cloth,, soldbeaters skin, Igelit and Buna, 'SymB-
- thetic leather- treated with castor oll is the most sulta-
"ble material for. the small presaure range &enerally re-—
quired (20 to 50 mm water) Balloon cloth ig nearly as
good, while goldbeaters skin. Igelit and Juna were found
to be below the required staniards. -

Weather- .exposure tests proved that temperature and
humidlty changes had little effect on the zero—point
travel (diaphrasm unloadad) of synthetle leather and bal-
loon éloth, particularly, in contrast with goldbeaters
skin. By rising temperature and humidity the zero-point
travel is counterdirectional =sand, in part, is canceled.

*"Werkstoffe fur schlappé Membranen." Forschung auf dem
Geblete des Ingenieurwesens, vol. 11, no. 1, January-
February 1940, pp. 35-42. (Dissertetion)

e




2 " 'HACA Technlcal Memorandum No. 964

For practical purvoses a number of simplified test
methods for ascertaining the .climatic effects and the
elastic behavior of dlaphragms, are glven,

"

1. INTRODUCTION

Although slack diaphregms (reference 1) have been
employed for a long time for a multitude of purvoses,
there iwx a lack of test data concerning the properties of
the material of which such diaphra%ms areo made. The in-
vestigation was made in the laboratory of the Askania Co.,
Berlin-~Friedenau (reference "),

The material is zenerally classified as follows:

1, For metal diaphragms: cobpper, brass, Diosphor
bronze, beryllium copper, monel, steel, or alumirum.

2e For slack diaphragms: rudbber, leather, dacterial
leather, duprene, £o0ldbeaters ekin, balloon cloth, cello=
phane, Tlass cloth, asbestos, eotc,.

The metnl diaphragme, provided wlith several concen-—
tric grooves, are particularly suitable for pressureo suc—
tion and differential pressure gages up to around £5000 mm
water = 0.5 atmosvhero. Instruments of this ¥kind sre used"
oextoenslvely in laboratories and industrial concerns. OFf
course, there are other suitably diménsioned motal dlia-
phregm pressure moters which range up to 200 atmospheres.
Thelr usual dlameter is about 150 millimeters. lack dia-
Phragms are especially sultable for plcking up weak im-
pulses or low prescurses and can be made with much freater
dliameter (300 mm or more), which is an important factor
for sensitive measuring or control instruﬁeatp (refereace
2), and therefore much preferred for guantitative measure-
ments of gases (reference 3). Taey are alsg used exten-
slvely for regqulating (for example, domestic end station-
ge8 regulators) and control (for instance, automatic d4i-
rectional controls) purposes.

2..EEQUIEEMEHTS FOR AW "IDEAL"'SLAGK DIAPHRAGK

Slacx diaphragms for regulating, measuring, or con-
trol purposes should meet %“he following requirenents:
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1, ILinear asqent-of-defiééﬁfegﬂbi'inc?eaﬁing load.

2. AdequateFfepée&ﬁcibilf%§'6fw;eiuee (maxitmdm deé-.
parture from theoretical value zenerally not in excess of
2 percent of recorded value). .

3. A minimum of hvsteresis (1. e.;~laq between the
upwardly and downwardly measured values).

4. Recording and operating‘range must, with euffi-
clent accuracy, lie within the strength limits of the di-
aphragm. . oo '

5. Constancy of indication by humidity changes with-
i1n a certein rancge.

6. Constancy of indication by temperature changes
withln a certain range.

7. Constancy of zero moint (no so-called zero-point
travel). '

8. Diaphragm material of domestlic raw materials wher-
ever posslble.

9., Cheap enough to compete with other diaphragm mate-
rials.

10. The materials should be avallable in ready form
or avallable for manufacturing, so as to maintaln uniform-
ity of quality with safety.

As regards the last requirement, it is to be noted
that the orzanic materials such as leather, rubber, etc.,
frequently dlsclose unavoidable defects, while synthetlc
materlials are easier to manufacture in uniform quality.

3. EXPERIMENTAL SCEEDULE

Since all regulating, measuring, and control instru-
ments operate on the principle of deflection of a dla-
Phragm under’ load,- the:- chief prodlem consists of explor-
ing the relatlionship between .the diaphragm deflection and
the aforementloned practical operating conditions. Since
a slack diaphragm collapses completely intc its final po-
sition, even at very low pressure, 1ts deflection cannot
be taken as an indication of its load. They therefore op-
erate usually in conjunction with helical or flat springs,
to which the pertinent impulses or forces are transmitted.
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‘-

The 1nveutigation included- five kinds of aiavhragm
materialg, each of which was subjected to differeant pre-
treatments, or to close examingtion. ‘These wére:

- 1. Synthetic leather (American f‘shskiﬁ) -

a) treated with glvcerin (nygrosconic) and
after drying, with watch oil‘

b) ﬁrétreated wita wetch oil;

c) p;etreated.with castor oill.
2. Goldbeaters sikir -

a) as delivéred;

b) pretreated with ratcih oll, bone oil, or
castor oll;

e) very thin (two-ply).
3. Izelit -~

a) wifh web interlaerer (ranufacturer: Venditor,
Troisdorf);

b) without web liner;
c) gray (manufacturer; Veritss, Berlin);
~d) browﬁ; .
e) blgck:l E
£) very thln.
4, Buna "120% -
5. ‘Balloon cloth =
' e) cotton fabric, treated 18 times with synthet-
. ic rubber sqglution (manufacturer: Luft-

achiffbau A.G., Berlin-Temvelhof);

‘b) as before, then cpvered with aluminum powders
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- Eequﬁ;ally, the Problem conslsted of establlishing
t he dependence of the diaphragm deflection under.loads_up
to 20 and 50 millimeters f water at -different temvera-
tures and relativé air moisture. The materials were test-
ed at 20°, 40°, and 60° O air temperatures and for a con-
stant relative moisture of. 50, 60, and 90 percent.

4. Exrmnmmmih ARRANGEMERT

Digphragm deéflection.-~ Figure 1 illustrates diaphrazm
box a with a clamped diaphregm b of 150 nillimeters di-
aneter. Small rods h in the center of the diaphragm’
seet ¢ +transmit the deflection ~ first to a flet spring
d fixed abdove, and ther to the lever arm of & nirror piv-
oted on axin e. The temperature-resisting rods h (of
Invar) pivoted loosely in agates at ¢, d, and the levar
of the mirror, the whole being. held together by tension
springs f. 1In view of the emallness of tae diavarasn
loads, and hence the deflections, the need for an accurate
reading as free as possible from inertia, was pararmount,
ond thie is Dbest achioved by optical means with o 1light
bean thrown on a rirror and reflected bxr it.

To chock this test arrangement, air was pumped into
the dlaphragm chamber with o rudver vall at lead g ond
the 1light path observod, while the pressure was recorded
with an Askenia ninineter (groduation 1/100 nnm water).
Special precautions to prevent. slnnting of. the dizphragn
were found to be.neceseary.

For calibration of the 1iﬂht rath-in nillinoters of
deflection, a nicroneter screw . substituted for the dia-
Phragn, so that the conversion .factor of the light vpath,
reasureod in scale gradiuations, was immedliately obtainable
in nillineters of deflection.

The next problem after provinq the practlicablllity of
the sét-up in nrelininarz toests, was to provide a sultadle
nethod for a continuoue record of the defleections under
different loads; there the. opticnl. Askania nultiple recerd-
er .was particularly. sulted. Its edvantage over mechanlcal-
ly recording inetrune1ts (ink or cardén black) lies in the
conplete absence of- er*nneoue test.valuds caused--by fric- -
tion in the transmigiion ‘rods and recording mechanisr;
besides, external acceierations and the locatior of the
lnstrunent, which was originally intended for aircraft use,
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have no effect on the reading. One serious difficulty -
that of nmaking the whole experimental set-up completely
lightproof - had to be overcons.

In the principal tests, a hydrostatic balance served
for producing the pressure in the diaphragn chamber, One
arn of°the balance carried a bell dipped in a sealing
liguid, tke alr space of the ©ell being connected with tkhe
diaphragn chanber by a hose. The other scale arm was
loaded with welghts.

Alr conditioner (fig. 2).- Tae clinatic chanber a 1is
breceded by an atoriging chanber b. The compressed ailr,
carefully cleaned by a filter of corpressor oill before pass-—
ing through the nozzle ‘¢, atonizes the water inducted -
fron the bottonm through pipe d, ard is heated dv gas.
burner e %o approxinately test tenpernture. Then, the
thus~humidified ailr reaches the clinatic chanber, where an
adjustable electric heater f keeps it at constant test
tenperature. A guide vnlate & coanducts the air past the
dlaphrogm h, whence it is exhausted by fan 1. ' '

The diaphragm box with sprinzs and mirror, as of flg-
ure 1, 1s 80lidly connected with the multiple recorder k.
The part protruding in*o chamber =a 18 sealed by rudbber
tape. The recordesr, being mounted on an erstwhile lathe
support 1, could be moved horizontally and vertically.
A dry- and a vwet-buldb thermometer m served for moilsture
recordling. Ir addition, the course of the moisture change
was contlnuously recorded on a newly developed moisture
recorder fitted with a hygroscopic membrane (Zapon film,
trinitrocellulose). This is the first approved experimen-
tal design of the Bohnstedt-Askania moisture recorder and
closely agreed with the hard~to-rcad halr-hyzrometer
(Fuess Co., Berlin).

The susceptibility of the zapon film to oil necessl-
tated the aforementionad careful purification of tke con=
breseed alr from the oil entrained by the compressor, .
quite apart from which a portion of the diaphragmsg were to
be tested as received; 1.e., without oil treatment,

The molsture recorder was compensated for temperature
by a bimetnllic strip and calidbrated with the Assmann as-~
plration peychrometsr.

For experimentatlion nt low relative humidities, the
dehumidification of the alr was found to be necessary, In
consequence, the atomization mechanism was removed and a
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- vegqqlﬂ;illg&fyith celcium ;phlgride-fitted in the connect-
..1ng .pipe (fig. 2) betwWsen chamber  ®- and abomiszation
chamber D. -~ e S e e s o

) " ! ) . H -~ - -
Filzure 3 19 an interior view with front end side re~
moved. TFigure 4 1s an external vliew, showlng the
-.shaped window & for the hygrometer and thermometer read-
ings. Since the molsture coated the window, a windshield
wiper ‘b (fig. 3), was 1lnstalled.

5. TEST PROCEDURE

Sealing -tegt.~ Each diaphregm, after being mounted to
the brass box, was tested -first for tightness. The pres-
sure drop within 5 minutes wes not to exceed 2 percent of
the final value. The sealing compound was Guroc mastic or
1ieal ruvber and cement glue, '

Iestg with unlonded diaphregn.~ These tests are funda-
nentally imnortant in order to ascertain whether zero in-
dication was preserved under temperature and humidity
changes, for without adeauate zero-point constancy it 1s
impoeslble to achleve a reliable instrument. For thess ox-~
periments the box with dlaphragm mounted was screwed to,
the upright wall of chamber a (fig. %), and the nechan-—
icol conrection between slack diaphragnm and mirror (fig. 1)
wes. eatnblished by insertion of rods & and return springs
f. Tho zoro point of the luminous bean was ndjusted for a
normal temperature of around 20° C and 60 percent relative
huridity, and the nmovenont of the zero point observed at
different temperatures and relative humiditioce:

Tosts with diaphragnm loaded.-~ The ‘pressure line &
(fig. 1) is connected to the hydrostatic balance. As soon
o8 pressure is apvlied to the diaphragm, i1t is necessary
to check the correct movement of the 1light spot on the
scale (focusing screen) and also ‘to ascertain the maximum
value at which the light spot still remained on the scale -
which has the same height (120 mm) as the film paper. It
was found expedleént o .record first the related scale val-
ues of the light spot on the -screen for certain &dqual
pressure stages .~ .say, every 2 mm, water - ond .then to do-~
clde on the basis of the obtainod values as to whether a
Photographic record was.adyisable. The. pressure stases in
all tests were adjusted by welghts on the aydrostatic bal-
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ance which at the same time 5ive an indicatlon for the
pressure in the diaphragm box and for the dlapliragm load -
starting from,gzero to mazimum value and bdeck again in
equal stages to zero, in order to ascertain whether the,
test pointe assume the same vosition oz going forward and
backward, and to gage eventual discrepancies .The steady
state must be awaited before the respectlve diapnracm de~—
flection or 1ight spot is photographed. This stage was
found to have been reached after a few seconds, althoush
the new setting of the stagas was effected at intervals of
about 30 secords. Deperding on the type of test material,
the pressure range chosen varlies from O to 16 and O to 50
millimeters of water.

Photo3raphs of the pres::re stages disciose curves of
the tyve shown in figures 5 and 6,. where the ordinates glve
the lisght-spot path for the diaphraqm deflection in scale
divisions (Skt) at the individual pressure stages. Tae

. bressure at the separate stages is ziven in rilllimeters of

watar.

In principle, every material tested was first photo-—
graphed at 20° C room tempersture and 60 percent relative
humidity. For measurement at higher texperatures (40° and
60° 0), the electric heatsr 1s used and the humidity ad-
Justed. The fan was an absolute necessity in every test.
Obviously, care must be taken in the mountirg of thermom-
eter, hygrometer, and humidity recorder, so that the read-
ings actually correspond to the true temperature and hu-
mlidity on the idiarhragm. Accordiry to preliminary tesis,
the readin’a of three thermometers of the same type 4if-
fered 1° C 'at the most, and the readin®s of two i1dentical
hygrometers, 5 percent, waich still may be considered per—
missidble. No measurement was started untll the instrument
reading lad remalned constant at least 30 minutes - a time
interval iong enough for the diaphraim to assume the de-
sired attitude.

6. RESULTS OF TESTS

_!gggzgoint travel by unlogded dimphragm.-— & 20° C air
temperature and a 60-percent relative humidity constltutes
an accentable standard condltion; departures due to ckhanges
in molsture and air temperature are determined by 1light-
beam observation. All diaphra%ms reglstered a rise in
zero polnt by constant humiditr and tempsrature rise. A4
retrogressive motion of the zero point occurred by constant
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temperature and .rise in Humidity; hénce temperature and
“humldity -effects: act in opposite-directions. The order -of
magnitude of the changes. was practically "bhe same in both
cases for all the diaphragms explored ‘The worst condi-
tions occurred at 20° € and 90<peréent relative humiditys
ahd again at 60° C and 30-percent relative humidity. ' Ta-
ble I gives the zero-point travel between’ fhese two stages

for the different materials (fig. 3). = -
TABLE I
Syn- | o ,
: thetlic ' Balloon
Zero— leather|{Goldbeaterd skin cloth
point treated Igelit,] wisth 3ura
travel with thin thick very gluminum|" 120"
.ot castor ) thin powder
oil
In scale '
divislorns 2 30 44 22 5 8
In mm of
dlaphragm .
deflection| 0.022 0.34 0.49 0.25 0.056 0,09

Goldveaters skin and Igellit are very inferior under
Zreatly varying humidity and temperature effects. Syn-
thetic leather treated wit: castor oil, and balloon cloth
coated with aluminum powder, avpear to be the most suita-~
ble materlials, with a zero-voint travel of 2 and 5 scale
divislons for the whole test range of 20° to 60° C, and 30
to 90 percent humidity which, by a conversion figure of 89,
is equivalent to. an additional diaparagm deflection _of

‘. 0.022.and 0,056 millimeter, resvectively. The maximum

changes for synthetic leather, as for balloon cloth, are ‘
st1l]l within safe linmits.

Pregsure—-stage tegtg.—~ On connecting the corners of
'the stepped curve (figs. 5 and 6), 1t can readily be seen
1f the diaphragm deflection changes linearly under load.or

. does not change. A comparison of the ascending with the

descending stepped curve further indicates that the dla-
Phragm deflection at the same load stages lags behind on-
the descending curve. Figure 5, plotted for synthetic
leather, discloses the favorahle behavior of tais material:
linear dscent and descent -of the stepped curve; the hyste-

. resis of the deqcendinc curve itself 15 small. The'bmaﬂnrof

= [y

oo .t P L . } - e -
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Igelit (ficg. 6) is very unaatisfactory. as 1s seen when
the loads (pressure stazes) are.plotted agalinst the related
diaphragm deflection as sffected in figures 7 and 8 for the
stepped cprvba of figures 5. and 6 (curve 1). The ascending
and descendin®¥ curves -form a hystereels loop, which 1s not
closed, however, since tne descending curve does not re-
turn to the zoro point (zero point deflection rather than
zero point travel!) but shows the Zreatest divergence at
this point. The small hysteresis area of figure 7 1s typ-—~
1cal of the favorable attitude of synthetic leather as dla-—
phragm matorial in contraet with Igelit. (fig. 8). Tho di-
agramsg furthor show the hrstorcsis for extremo temporature
and humidity changes. The lower hysterosis refers to low
tonperature and hizh relativo humiiity; tlhe upper aystere-
.-8le to high tomperature and low huniéity. 1In fost cases
the height h of the stepped curves (figs. 5 ard 6) changed
falrly little, hence tae kysteresis due to hest and humid-
1ty offect was merely saiftod parallel (fizs. 7 aad 8).

The characteristic quantities for the apnraisal of the
sultadbility of diaphragn raterial are as follows:

TAELE II
Heizht
h of . .
stepoed Helght
curve change
at 20°¢C Hysteresis of 0 point
haferial ard 60 Load ranse 0 point stepped| travel
- percent deflsction| curve
rela- no of
tive hu~ wator |
ridity
Skt percent percent |percent
Srnthetdc ' ' * ,
leather 98 20 "2 2 - 2
Balloon . T ' .
cloth 91 - 20 - =~ 2 . 5 .5
Goldbeaters " .
skin,” thin 90 a0 - 2 5 30
Foldbeaters 5
skin, thlck 85 20 2 5 50
Igelit, , : , 7
very thin 110 30. ) 4 15 20
Buna "120% 76 50 5 28
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The percent wvalues refer to the normdal heizht of the
-~ "stepped ocurve, second column, and represent averages Ob-
tained from the photographic records.(altogether 81, with
4 to 6 stepped curves each), . :

The height h of the stepped curves also changed un-—
der the effect of humidity and temperature; the changes
are small for synthetie leather and never very considera-
ble for any of the other materiasls except Igelit. The
gero~point travel also favors synthetic leather and bal~
loon cloth, but none of the other.materials. Accordingly,
synthetlc leather treated with castor oil rates highest
(table II), with balloon cloth (with aluminum powder) as
second best. The szero—point travel for goldbeaters skin
was partlcularly great. Igellt and Buna elso wers unsgult-
able for the present purposes because of their unfavorable
characteristics.

In this connection the externally visible actions on
the different materials during the climatic tests, night
be mentioned.

The diaphragm of glycerin-treated syntiaetlc leather
remalned soft even afte. the testes were completed, while
the synthetic leather treated with bone oll "ecame hard
and bdrittle. Admittedly, the highly hygroscoplec glycerin,
serving as lmpregnator, has the disadvantage of making the
dlaphragr very susceptidle to moisture. Since castor oil
had stood up vest, it was then used in all sudbseguent teat
serles for synthetic leather. Goldbeaters skin as deliv-—
ered (not treated) gradually tecame pervious during the
measurement, especially at the sealing ring of the dia-
phragm seat. Impregnation with different kinds of oll
(watch oil, bone oil, castor oll) resulted in very taut,
almost parcament+like diephragms, and disclosed an indi-
vidual characteristic which- -excluded them as slack dia-
Phragms within the required small test rangs. Very thin
(two-ply) goldbeaters skin showed up no better. Several
samples of the little~tested new synthetic ‘material, Ige-
11i%, were subjected to a four-hour -heat test at 75° C,
vithout manifesting any chanfes. Buna."120" of l~millimeter
thickness appeared considerably stiffer than ary other ma-
terlal tested. A 12-day heat treatment in a drying oven at
45° C disclosed no change in the digphragm material, nor
in the test.values. Buna "120" ghould be especially sult-
able for hizgh pressures.. It can be sumnmarily loaded up to
2000 millimeters of water, according to rigidity tests.
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Balloon cloth was avelilable in two versions - - wlth
and wlthout a protective coating of fine ecluminum powder
to prevent sticking. Hollowing a l2-day-drylng process
at 45° C in a drier, the balloon-—cloth dlaphragm was agaln
mensured in the optical multirecorder and alr coaditioner.
The results showed no changes, l.e., no neasurable effect
of the protracted heat treatment.

7. SIMPLIFICATION OF TESTS FOR PRACTiICAL PURPOSES

The measurenerts in tne optical multirecorder are
predicated or an elecborate experipmentanl set-up. It seemsd,

."therefore,. most important to first develop some ezperi-

mental device for obtnining rougar estinntes, making 1%
possible to separate the fit from the utterly unfit of a
lrrge number of unknown materials, quickly and demendadly,
so as to avold unnecesssry and time—congumini experimen=-
tal labor. To begir with, 1t was recessary to galn a sur-
vey of the zero-point travel caused by clinntlc effects.
Next core thae elasticity tests. It is in the nature of
the "slack™ diaphragm to have little or no =lastlclty, or
stretch, under load. The elasticity effect or, as it 1is
expresded, the indlividual characteristic of the diaphragm,
is the real .reason why the -stepped curves are nonlinearly
distorted.

The climﬁtic and elasticlty offects finding. Joint ex~
Pression 1n tho stepped curves and in the derlivod aystoere-
eis, it 18 important that these effects be acenable to sep-
aracte analyses with sinple oxverimontal arrangements.

' Strip tests for predicting the climabic effogh.- 4
test gtrip 30 millimeters wide and 100 millimetérs long
cut, from the material, 1s clamped in a supportiag plate of
glass (low—temperature coefficlent) and loaded in the cen-
ter with a 1light weight (0.8 to 2.0 €), so as to secure an
unequivocally defined neutral position (fig. 9). A point-
er - the setting of which 1s read on a millimeter scnle

_ wlth the cathetometer — indicated the. change in tke strip

deflection: once for varinble moisture content and con-
stant temperature (fig. 10a), then for variable tempera=
ture and constant bumidity (fig. 10b). The deflection in-
both cases was approximately linear except with opposite
preflx, as already.established in the preriously discussed
climetlic tests.
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To check the homogeneity:of the materlal in all direc—~
tions, samples were gut lengthwise and crosswlse and test-
ed separately,

) E;ggi_g ty igjgg.- The deflection in relation’ to the
load under normel temperature and molsture conditions was
determined with a diaphragm box similar to that used in
the principal test, but much smaller (34 mm diameter). .
The deflection was transmitted by means of a metal band to
a pivoted mirror and the light path read on a scale (con-~
. vergion factor, 13). 1In this manner the same materlals as

before were tested with the exception of Buna. Figure 11
shows the elasticity - 1,0.,, the relation of dlaphracm de-
flection and load. This was increased to 12D millimeters
of water first, because the neasurement of snaller pres-—
sure stafges is experimentall;- more difficult, whereas the
test method was to be simplifled; secondly, in order to
obtaln - berond the required small test range -~ some infor-
mation concerning any possibly existent undesired elastic
elongation of the materlal. The best qualitiee azain were
flrst, those of synthetic leather, ard then balloon cloth,
whose curve was the same. .

The hysteresie of neither material 1= excessive. The
ascent of the deflections under increasing >oad approaches
2 constant value, after which the curve changes to a
stralght line. 1Igelit shows considerable extensidility;
g0ldbeaters skin, falirly little. There was no perceptible
deflection below 16 millimeters of water in ary of the four
diaphragms, hence no values below 16 millimeters of water
could be recorded.

Translation by J. Vaniler,
National Advisory Committee
for Aeronautics.
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Pigure 3.« Inside view, showing climatic chamber,

a _| shaped window for hygrometer and thermometor reading;
b rod with window wiper; ¢ humidity recorder,

Mgure 4.« View of instrument closed.
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